and (4) CD38+, HLA-DR+ cells, were sorted as single cells into 96-well flat-bottom culture plates containing longterm culture medium supplemented with interleukin-3, interleukin-6, stem cell factor (SCF). granulocyte-macrophage colony-stimulating factor, erythropoietin. basic fibroblast growth factor (bFGF), and insulin-like growth factor-l (IGF-l). Single CD34+, CD38-, HLA-DR+ cells had the highest replating efficiency as well as the highest replating efficiency. The cellular composition of the singlecell progeny was studied by morphologic and/or flow cytometric examination. Only the progeny of single CD34+ cells that lacked CD38 could give rise to each of the hematopoietic cell lineages. The expansion of the progeny of singleCD34+, CD38-, HLA-DR+ cellswasexaminedin more detail and showed three clearly distinguishable growth patterns: 28% (SD, f 10%; n = 14) of the single cells formed cell clusters/colonies; 9% (SD. +4%; n = 14)
formed dispersed cells; and 1 1 % (SD. + 6%; n = 14) gave rise to a mixture of cell clusters and dispersed cells. The dispersed cell growth pattern was reduced when SCF or EMATOPOIETIC progenitors in human bone marrow can be identified by the expression of the CD34 antigen.' However, the majority ofthe CD34+ bone marrow cells are committed to either the hematopoietic or stromal cell Lineage commitment of the CD34+ bone mamow cells has been demonstrated by cell morphology, by the presence of lineage-specific or -associated antigens, and by the formation of colonies with lymphoid, erythroid, or myeloid feature^.^,^^'^ Enrichment for pluripotent progenitor cells in the CD34+ cell fraction has been successfully performed by elimination of CD34+ cells expressing lineageassociated antigens? HLA-DR,'"l4 CD38,' CD45RA, or CD7 I Is or lacking Thy1 Recently, we have demonstrated the existence of a cell that generated both the hematopoietic and stromal cell lineages, ie, the common stem cell." The common stem cells were found in the CD34+, CD38-, HLA-DR-cell population. However, the CD34+, CD38-, HLA-DR' cell population had the highest plating efficiency in the presence of hematopoietic growth factors, indicating that the most active hematopoietic progenitor cells may reside in this pop~1ation.l~ Various cell culture techniques are used to determine whether progenitor cells have properties expected from hematopoietic stem cells.'G28
The majority of the assays used in these studies are performed as multicellular, which prohibits the examination of one of the most important characteristics of the hematopoietic stem cell, ie, a single cell giving rise to all cell lineages. We have developed a single-cell liquid culture assay adapted from a liquid blast colony assay originally described by Ogawa et a129.30 that permits assessment of total lineage potency 2 weeks after sorting single human progenitor cells. In the present study, we describe the assessment of stem cell characteristics in the single liquid culture assay. Subsets of bFGF and IGF-l was absent in the growth factor cocktail.
The replating ability of the dispersed cells was considerably larger than that of cells with other growth patterns, in that 76% of the cells that gave rise to dispersed cells and 54% of the cells that gave rise to dispersed cells as well as cell clusters gave rise to a second generation, but only 7% of the cells that gave rise to cell clusters gave rise to a second generation. The second generation of cells continued to produce third and fourth generations after repetitive replating, except for the replated cells from cell clusters. In contrast with the first-generation progeny, SCF did not have an influence on the replating a b i l i i of the cells. Only in the progeny of single CD34+, CD38-. HLA-DR+ cells that gave rise to dispersed cells was each of the hematopoietic cell lineages found, ie. B lymphocytes, neutrophils, monocytes, macrophages, osteoclasts, basophils/mast cells, eosinophils, erythrocytes, megakaryocytes, and platelets. These data suggest that the hematopoietic stem cells in fetal bone marrow reside within the CD34+, CD38-, HLA-DR+ cell population, but only 9% of these cells showed myeloid as well as lymphoid potential using these culture conditions. Further purification of this already minuscule cell population may therefore still be possible. progenitor cells were cultured as single cells and their progeny was examined for morphologic and immunologic characteristics. The results provide evidence for a multilineage differentiation and expansion capability of the CD34+, CD38-, HLA-DR' hematopoietic stem cells.
MATERIALS AND METHODS

Cell preparation. Fetal bone marrow
was obtained from aborted fetuses of I7 to 25 weeks of gestational age and used following the guidelines of the institutional review board of Stanford University Medical Center on the use of Human Subjects in Medical Research. Bone marrow cells were isolated by flushing intramedullary cavities of the femurs with RPM1 1640 with 10% fetal calf serum (FCS) . The fetal bone marrow mononuclear cells were separated by Ficoll-Hypaque (Histopaque 1077; Sigma Chemical CO, St Louis, MO) and washed twice.
Flow cytometry. The marrow cells were labeled with CD34 (8G12 FITC), CD38 (Leu 17 PE), and HLA-DR biotin followed by an incubation with streptavidin allophycocyanin (APC; Becton equipped with an Argon ion laser tuned at 488 nm and a Helium Neon laser (633 nm) or an Innova 90 tuned at 647 nm (BDIS). Data acquisition was performed with Lysis 2.0 (BDIS). Forward light scatter, orthogonal light scatter, and 3 fluorescence signals were determined for each cell and the listmode data files were analyzed with the Paint-A-GatePLUS software (BDIS). Cell sorting was performed on a FACStap" (BDIS) using the Automated Cell Deposition Unit (ACDU), which permits single-cell sorting with an accuracy of greater than 99%." To eliminate doublets and cell aggregates, a pulse processor module was used on the forward light scatter parameter. In addition, cells with large orthogonal and forward light scatter were excluded.
Clonogenic cultures. In the liquid culture system, each well contained a 200 p L mixture of myeloid long-term culture medium (Terry Fox Laboratory, Vancouver, Canada) containing 12.5% horse serum, 12 20 pmol/L folic acid, and antibiotics, and supplemented with 2.5 U/mL recombinant human erythropoietin (rhEpo; Amgen, Thousand Oaks, CA), 10 ng/mL recombinant human interleukin-3 (rhIL-3), 500 U/mL rhIL-6,lO ng/ mL recombinant human granulocyte-macrophage colony-stimulating factor (rhGM-CSF) with or without 2.5 ng/mL recombinant human basic fibroblast growth factor (rhbFGF), 10 ng/mL recombinant human insulin-like growth factor-1 (rhIGF-1 ; Collaborative, Bedford, MA), and with or without 50 ng/mL recombinant human stem cell factor (rhSCF; Genzyme, Boston, MA). All cultures were incubated in 5% CO2 in air at 37°C in a fully humidified incubator.
Cell growth was checked on days 3, 5 , 7, and 10 and scored for the presence of dispersed cells, cell clusters, or a mixture of both on day 14. Cells were scored as dispersed cells when an expansion was generated from a single cell of a minimum of 40 cells that still appeared as dispersed round translucent cells after 14 days of culture without cell cluster formation. Replating of the cell progeny was performed by dispersion of the cells into 10 wells of a 96-well flatbottom plate in identical culture conditions as described above. Plates were scored I4 days after replating of the cells originated from the single cells. Repetitive replating was performed under identical conditions.
Staining for morphology and fluorescent examination. The progeny of the cells in each well were harvested by pipetting and placed on slides coated with Cell-Tak (Collaborative). The slides were then incubated in 5% CO2 in air at 37°C in a fully humidified incubator for 20 minutes, centrifuged at 100s for 15 minutes, and stained with Wright Giemsa. Alternatively, 3 pL of pretitered CD 10-FITC (CALLA; BDIS) or CD 19-FITC (Leu 12; BDIS) or control antibodies (mouse IgG2a FITC; BDIS) was added for immunofluorescent staining of the cells on the slides. After incubation at 4°C in the dark for 20 minutes, 100 pL phosphate-buffered saline containing 5% bovine serum albumin (PBS-BSA) was added, which reduced the background of nonspecifically bound antibodies to the cell surface. The slides were immediately examined with a fluorescence microscope. For flow cytometric analysis of the progeny of the single sorted cells, the cells in each well were harvested with a pipet, washed, and stained with a pretitered reagent mixture containing CD34 PE/CY 5 (kindly provided by K. Davis, BDIS), CD33 PE, and CD19 RTC, or a mixture of fluorescently labeled isotype control antibodies. The immunostained cells were washed once, resuspended in 0.5 mL of a 0.5% paraformaldehyde solution, and analyzed on a FACScan (BDIS).
RESULTS
CD34
' cells can be divided into four populations based on the expression ofHLA-DR and CD38. The expression of CD38 and HLA-DR was assessed on CD34+ cells in 9 sam- ples of human fetal bone marrow using three-color immunofluorescence. Figure 1 illustrates a typical flow cytometric analysis in which CD34-FITC, CD38-PE, and HLA-DR-APC are combined. Only CD34+ cells with relatively low orthogonal light scatter are shown in Fig 1. The CD34+, CD38-, HLA-DR+ cells were colored black, whereas all other CD34+ cells are depicted gray. Four CD34+ cell p o p ulations were identified based on differential expression of CD38 and HLA-DR. In the 9 low-density fetal bone marrow samples, 8% (SD ?3%) of the cells expressed CD34.
Within the CD34' cell population, 89% (SD +5%) expressed both CD38 and HLA-DR, 4% (SD &2%) expressed CD38 but not HLA-DR, 4% (SD +30/0) lacked both HLA-DR and CD38, and 3% (SD +2%) expressed HLA-DR but lacked CD38 (Fig 2A) . The CD34' cells with the highest plating and replating ability reside within the HLA-DR+, CD38-population. To investigate the functional characteristics of each of the populations, single cells from each of the CD34 populations were sorted into 96-well flat-bottom plates with long-term culture medium containing 12.5% horse serum (HS), 12.5% FCS, IL-3, IL-6, GM-CSF, bFGF, IGF-I, Epo, and SCF. After 14 days of cell culture, the wells were examined for cell expansion and the progeny replated for evaluation of further proliferative potential. In 8 experiments, an average of 50% (SD 215%) of the CD34+, CD38-, HLA-DR+ cells; 28% (SD f 12%) of the CD34', CD38 ' , HLA-DR-cells; 5% (SD +4%) of the CD34+, CD38-, HLA-DR-cells; and 8% (SD 54%) of the CD34+, CD38+, HLA-DR' cells gave rise to an expansion of cells after 14 days of cell culture (Fig 2B) . In each of the 8 experiments, the CD34+ cell populations were also sorted into long-term culture medium with 12.5% HS and 12.5% FCS; no cell expansion was observed in these wells. The progeny of the single cells from each of the four CD34' cell populations were replated by dispersing the cells from each well over 10 new wells containing the growth factor-supplemented culture medium. This was repeated in cases in which second or third generation progeny was found. As illustrated in Fig 2, the replating ability ofsecond, third, and fourth generation colonies of the four CD34' cell populations was 72%, 49%, and 14%, respectively, for cells 1517 originating from single CD38-, HLA-DR' cells; 50%, 5%, and 0%, respectively, for CD38-, HLA-DR-cells; 6% and 0% for CD38+, HLA-DR-cells, respectively, and no second generation progeny was found for the cells originating from single CD38+, HLA-DR+ cells.
A dispersed growlh pattern of single CD34' cells is indic-
ative of a primitive origin and reside within the CD38-, IILA-DR+ cellpopulation. To probe for differences in cell expansion patterns of single sorted cells, the plates were observed at day 3, 5,7, and 10 and scored at day 14 of culture. Three distinct growth patterns could be distinguished. (1) Dispersed round translucent cells ranging in cell number from 40 to 30,000 (Fig 3A and 3 ) were seen. This pattern was predominantly observed in wells containing single CD34+, CD38-, HLA-DR+ cells. (2) Dispersed round translucent cells with the appearance of cell clusters were seen during the second week of culture (Fig 4A) . Up to 100 cell clusters in various sizes were found in each well. Most of the cells that gave rise to this growth pattern also reside in the CD38-cell subsets. (3) Cell clusters with few or no dispersed cells ( Fig 4B) were also seen. The progenitors that gave rise to this growth pattern were found in all subsets and all single cells that gave rise to progeny in the HLA-DR+, CD38' cell subset formed cell clusters. Morphologic examination of cytospin preparations showed that the majority of the dispersed cells were primitive blasts. In contrast, the cells from the clusters showed features of lineage commitment. These results suggest a more primitive origin of the single cells that lead to a dispersed growth pattern.
To further compare the characteristics of the cells with the three growth patterns, single CD34+, CD38-, HLA-DR+ cells from 14 fetal bone marrows were sorted into the liquid culture medium described above. Fourteen days after cell sorting an average of 48% (SD, f 14%) of the single cells gave rise to an expansion of cells. In 9% (SD, f 4 % ) of the wells cells appeared as dispersed round translucent cells (Fig 5) . In 1 1 % (SD, f 6 % ) of the wells a mixture of dispersed cells and cell clusters was found. In 28% (SD, f 10%) ofthe wells only clusters of cells were found (Fig 5) . The effect of SCF in the formation of the different growth patterns was studied by sorting single CD34+, HLA-DR', CD38-cells in 96-well flat-bottom culture plates containing long-term culture media supplemented with IL-3, IL-6, GM-CSF, EPO, bFGF, and IGF-1 with or without SCF. Remarkably, the absence of SCF resulted in a significant reduction of the cells that gave rise to the dispersed growth pattern, whereas the plating efficiency of cells that gave rise to the cell clusters were less effected (Table 1) . A reduction of plating efficiency was also noted when the single cells were cultured in the absence of bFGF and IGF-1 ( Table 2 ). This suggests that synergy between SCF, bFGF, and IGF-I is important for the outgrowth of the more primitive hematopoietic progenitors. The replating ability of the cells with any of the three growth patterns was assessed by dispersing and replating the cells into 10 wells in identical medium as the single sorted cells. After 2 weeks of culture, the wells were evaluated for cell expansion. As illustrated in Fig 5,76% of the wells that contained replated dispersed cells gave rise to second-generation progeny, 54% of the mixture of dispersed cells and cell
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clusters gave rise to second-generation progeny, and only 7% of the wells of the replated wells with only cell clusters gave rise to second-generation progeny. The second-generation progeny showed typical features of hematopoietic colonies and those originated from dispersed cells were often accompanied with dispersed blast cells. No wells were found that only contained dispersed cells. The second-generation progeny was processed in a way identical to that used for the first generation progeny. 67% of the cell clones that originated from the dispersed cells and 25% ofthe cell clones that originated from the mixture gave rise to third-generation progeny. No third-generation progeny was found after the second replating of cells originally growing as clusters only. Fourth-generation progeny was only found in the progeny originated from the dispersed cells (1 7%). The third-and fourth-generation progeny all had typical features of hematopoietic colonies. Although SCF significantly increased the plating efficiency of the sorted cells, especially those that gave rise to the dispersed growth pattern, no differences were observed when SCF was left out of the growth factor cocktail when the cells were replated. During the repetitive replating process, single CD34+, CD38-, HLA-DR+ cells that gave rise to dispersed cells could be gradually expanded to yield up to a half million of mature cells in a time span of 8 weeks.
For Fig 6 for the progeny of a single CD34+, CD38-, HLA-DR+ cell that differentiated into each of the hematopoietic cell lineages. Counting the number of cell colonies produced by single cells that gave rise to the three growth patterns was used to compare the expansion ability after repetitive replating of single cells: dispersed cells gave rise to an average of 266 colonies (n = 12), the mixture gave rise to 89 colonies (n = 12), and the cell clusters gave rise to 5 colonies (n = 12).
This is illustrated in
Multilineage dlfferentiation is restricted to the CD34+,
CD38-cell population. To demonstrate that single
CD34+, CD38-, HLA-DR+ cells could give rise to both lymphoid and myeloid cells, some of the wells were killed for morphologic examination, as shown in Fig 6. A typical example of the morphology of the cells obtained from one well after the third replating of the progeny of a single CD34+, CD38-, HLA-DR+ cell is illustrated in Fig 7. In the progeny of the dispersed cells and the mixture of dispersed and clustered cells, subclones were found that contained a variety of cell lineages, whereas, in cases of cell clusters, only one combination of at most three myeloid lineages was found.
Using this technique, we demonstrated that only single CD34+ cells that lacked CD38 and that gave rise to a dispersed growth' pattern were capable of differentiating into the various maturational stages of neutrophils, eosinophils, basophils, monocytes/macrophages/osteoclasts, megakaryocytes/platelets, and nucleated erythrocytes/erythrocytes. In addition to these cell lineages, lymphocytes were found. In contrast to erythroid cells, lymphocytes did not form colonies, but were found to be dispersed small cells with condensed nucleus examples as shown in Figure 9A shows the forward and orthogonal light scatter of the cells. Figure 9B shows the correlation of CD 19-FITC and CD34-PE/CY5 of the cells within the light scatter gate indicated in Fig 9. 4. All cells in this light scatter gate expressed CD19, confirming their identity as B lymphocytes. The fact that the majority of these cells expressed the CD34 antigen indicated that these lymphocytes were still early in development. Figure 9D shows the forward and orthogonal light scatter of the same sample with a gate set on the cells with large light scatter; the correlation of CD33 PE and CD34 PE/CY5 ofthese cells is shown in Fig 9E. All cells in this light scatter gate expressed CD33, confirming their identity as myeloid. Similar to the cells with a low light scatter, the majority of these cells expressed the CD34 antigen, which also indicated that these myeloid cells were early in development. In addition, a gradual decrease in the CD33 intensity was observed concurrently with the loss of CD34 expression. Table 3 illustrates the average incidence of cells differentiated into the neutrophil, eosinophil, basophil, monocyte/macrophage/osteoclast, erythroid, megakaryocyte/platelet, and lymphoid cell lineages found in the progeny of the 1 16 cells. ln addition, Table 3 indicates which of these cell lineages was dominant in the progeny of the 1 16 cells.
DISCUSSION
Assays for hematopoietic stem cell characteristics have mainly focussed on their ability to maintain long-term hematopoiesis in vitro or in vivo."~'3~23,27 Long-term hematopoietic reconstitution after bone marrow transplantation is indeed the most important property of hematopoietic stem cells. In this study, we have probed for another characteristic expected from hematopoietic stem cells, ie, a single stem cell should be able to generate each of the hematopoietic cell lineages.'"," Identification of hematopoietic stem cells has been the subject of a large number of studies and has been traced back to a small subset of CD34' bone marrow cells.
Both CD34+, CD38-, and CD34+, HLA-DR-bone marrow cells have been reported to comprise hematopoietic progenitors cell^.'^".'^ By simultaneous analysis of CD34, CD38, and HLA-DR we have demonstrated that indeed the majority of CD34 + cells coexpressed CD38 and HLA-DR. However, lack ofthe CD38 antigen did not infer the lack of HLA-DR and visa versa.
T o probe whether hematopoietic stem cells with multilineage differentiation are confined to one of these subsets, we compared the plating efficiency of the four CD34' cell populations separated based on CD38 and HLA-DR expression by sorting single cclls of each fraction into 96-well flat-bottom culture plates containing long-term culture media supplemented with TL-3, IL-6, SCF, GM-CSF, EPO, bFGF, and IGF-1. This showed tha, the highest plating efficiency was confined to the CD38 , HLA-DRt cell population. The ability of the generated cclls to repetitively replate was used to probe for "self-renewal" characteristics and showed that this was lowest in the CD34+ cell fraction that expressed both CD38 and HLA-DR and highest in the fractions that For lacked CD38. The extent to which single cells could give rise ronment as well as hematopoietic cells. It is not known but to the various hematopoietic cell lineages was investigated is of utmost interest whether the cells that give rise to hemaby morphologic or flowcytometric examination of the progtopoietic progeny in the presence of hematopoietic stimueny as illustrated in Figs 6, through 9 and Table 3 . Only lating growth factors are identical to the ones that are in the progeny of CD34' cells that lacked CD38 were all bipotential in the presence of only IGF-1 and bFGF. Nonehematopoietic cell lineages found, ie, neutrophils, eosinotheless, the CD34+, CD38-, HLA-DR+ cell population is phils, basophils/mast cells, monocytes, macrophages, osteo-highly enriched for primitive hematopoietic stem cells that clasts, erythrocytes, B lymphocytes, and megakaryocytes/ have both lymphoid and myeloid potential. This observaplatelets. Only a few of the CD34' cells that lacked both tion is surprising because in adult bone marrow the long-CD38 and HLA-DR gave rise to hematopoietic progeny, alterm initiating cells are found in the CD34', HLA-DR-cell though we have shown previously that a similar low frepopulation." Although a multipotent hematopoietic cell quency of cells with this antigenic composition has the does not imply that this cell is a long-term initiating cell and potential to differentiate into both the hematopoietic envi-vice versa, it is important to carefully consider the implica- 
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tions of this potential contradictory observation. First, the sources of hematopoietic stem cells is different, ie, adult bone marrow versus fetal bone marrow, which could imply that the antigenic profile of hematopoietic stem cells is different in different stem cell sources. Second, the level of HLA-DR expression is important, and we have found that, in adult bone marrow, the HLA-DR expression on CD34+, CD38-cells is dimmer in adult bone marrow as compared with fetal bone marrow, which indicates that separation between HLA-DR-and HLA-DRdim is important in adult bone
The more important consideration is that hematopoietic stem cells are potentially a pool of cells that have the potential to give rise to each of the hematopoietic cell lineages and can give rise to long-term hematopoiesis, but that the antigenic profile of these cells can vary, which makes them more or less sensitive to proliferation or differentiation signals.
A major advantage of single-cell culture assays is the ability to trace back all generated cells to the originally selected cell. In contrast, multicellular assays have to rely on colony formation because dispersed cells in the culture assay do not necessary originate from a single cell. Moreover, in a multicellular assay, it cannot be excluded that interaction between the various cells is needed to give rise to progeny or that different cells give rise to progeny into the various cell lineages. In this study, we have shown that the earlier hematopoietic stem cells do not form colonies, but generate dispersed round agranular cells. Although one can argue that these cells are in fact similar to the previously described blast c~lonies,~~~'' we prefer not to use the term colony because it implies the formation of a cluster of cells. The primitivity of a single cell in the liquid culture assay was determined by the number of cell lineages it can give rise to and by its replating ability. The earlier hematopoietic origin of dispersed cells i' a 0 generated by a single cell as compared with progeny in which cell cluster (colony) formation was observed was shown by the higher replating efficiency of dispersed cells. This became even more apparent after replating of the second-and third-generation progeny. The ability of dispersed cells to form third-and fourth-generation progeny distinguishes these cells from the originally described blast colowhich only generated second-generation colonies and therefore resembles more the cell progeny of single cells that generated a mixture of dispersed and cell clusters. The importance of SCF for the outgrowth of the more primitive hematopoietic progenitors was highlighted by the observation that the dispersed cell growth was nearly absent when SCF was left out of the growth factor cocktail when single CD34+, CD38-, HLA-DR' were sorted (Table 1 ). In contrast, no difference was observed in the replating efficiency of the cell progeny when SCF was left out of the liquid culture medium used for replating. This suggests that SCF is important for initiating the outgrowth of primitive hematopoietic stem cells. Both bFGF and IGF-l can enhance the growth of hematopoietic ~e l l s .~~-~' In the presence of SCF and absence of bFGF and IGF-1, the plating efficiency especially of the cells that give rise to the dispersed growth pattern decreased, suggesting a synergetic effect of these growth factors ( Table 2 ). The results presented in this study show that the absence of a stromal cell environment in the single cell liquid culture assay permits a precise determination of the effects of various stromal "factors" and stromal cell ligands that transduce "self-renewal," differentiation, and maturational signals to the hematopoietic stem cells. A further advantage of the single-cell liquid culture assay above traditional multicellular semisolid CFU assays or long-term bone marrow culture assays is that the identity of the sorted cell as a hematopoietic stem cell can already be determined The different combinations of cell lineages originating from single CD34+, CD38-, HLA-DR+ cells show the diversity of cell differentiation and supports stochastic models for differentiation of hematopoietic stem cells. 38 The frequencies of the various cell lineages generated from CD34+, CD38-, HLA-DR+ cells illustrated in Table 3 are similar with that in traditional CFC assays,".'9 except for a relative high frequency of mast cells, which is likely caused by the presence of stem cell growth factor, ie, mast cell growth factor in the cell culture medium.3942 The observation that osteoclasts only appeared after 2 to 4 weeks of cell culture and were always accompanied by monocytes and or macrophages that appeared earlier during expansion of the single cells support previous reports that suggest that they are derived from the monocyte/macrophage cell lineage?345 The low incidence of lymphocytes might be caused by suboptimal culture conditions for B-cell growth such as a lack of IL-7. However, we observed that primitive lymphoid cells did not form colonies, but rather appeared as small round cells dispersed between colonies, which results in an underestimation of their incidence because they are difficult to discriminate from other cell types.
Only the progeny of the dispersed growth pattern originating from single CD34+, HLA-DR', CD38-cells could give rise to each of the cell lineages. In addition to multilineage differentiation, a 500,000-fold cell expansion could be achieved from these cells, as is demonstrated for one cell in Fig 6. This expansion is underestimated because we as- For personal use only. on August 30, 2017. by guest www.bloodjournal.org From sumed 100 cells in each colony, whereas, especially in the third-and fourth-generation progeny, the cell colonies consists of 1,000 to 10,000 cells in most cases. Although in vitro hematopoietic stem cell differentiation leads to cell expansion, a gradual loss of self-renewal ability occurs during this expansion. To maintain original stem cells throughout a cuiture assay, it is likely that the original stem cell(s) has to remain in contact with stromal cell elements or the effect of this interaction with stromal cells has to be mimicked by addition of the molecules responsible for such interaction.'1.28,46q47 A variety of cell adhesion molecules are expressed on hematopoietic progenitor
The role of these molecules for self-renewal ability and the presence of the ligands of these molecules on the stromal elements remains to be determined.
We have shown previously the existence of single cells that can give rise to both hematopoiesis and the hematopoietic microenvironment,I7 and we have documented in this study the existence of a single hematopoietic stem cell that can give rise to a complete hematopoiesis. The major challenge that remains is to identify the mechanisms that permit a pluripotent stem cell to proliferate/expand without differentiation to establish a large enough stem cell pool that can be subjected to genetic manipulation and used for transplantation.
